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“P-NMR  ANALYSIS  OF  ZINC  DI ALK  Y  L(DI AR  Y  L)DITHIOPHOSPH  ATE  IN 

LUBRICATING  OIL 


I.  INTRODUCTION 

Zinc  dialkyl(diaryl)dithiophoephate  (ZDDP)  additives  are  widely  used  in  lubricating  oils. 
The  combination  of  extreme  pressure  (EP),  antiwear,  antioxidant,  and  corrosion-inhibiting 
properties  make  ZDDP  particularly  important  in  engine  lubricants.  Both  the  alkyl  and  aryl 
derivatives  are  employed  commercially  and  are  used  in  Military  Specifications  MIL-L-2104, 
MIL-L-46152,  MIL-L-21260,  and  MIL-L-46167  engine  oils.  The  qualified  Military  Specifica¬ 
tion  oils  often  use  a  mixture  of  alkyl  (primary  and  secondary)  and  aryl  ZDDP  in  various  ratios. 
The  ratio  and  the  amount  of  different  ZDDPs  used  changed  the  performance  of  the  engine  oils. 
The  aryl  derivatives  of  ZDDP  have  higher  degrees  of  thermal  stability  and  are  used  in  those 
environments  where  higher  engine  temperature  environments  are  anticipated.  Both  the  an¬ 
tiwear  and  thermal  stability  characteristics  of  the  alkyl  type  ZDDP  vary  with  different  alkyl 
substitutions.  The  thermal  stability  of  ZDDP  followed  the  order  of  aryl  >  primary-alkyl 
>  secondary-alkyl.1 

To  assure  that  the  oils  furnished  the  government  are  of  the  same  formulations  as  the  oils 
originally  qualified,  several  analytical  methods  have  been  developed.  It  was  reported*  *  that 
the  ZDDP  structure  can  be  determined  by  the  gas  chromatograph  analysis  of  corresponding 
alcohols  which  are  derived  from  the  hydrolysis  of  ZDDP  in  nitric  acid  solution.  However,  the 
method  may  not  be  satisfactory  when  the  oils  contain  esters  and  other  organic  phosphates 
which  also  hydrolyze  and  give  alcohols  in  acidic  solutions.  So  the  indirect  analysis  of  alcohol 
for  ZDDP  additive  is  not  conclusive.  Differential  Infrared  (IR)  technique  was  also  applied  in 
the  report  and  found  that  sometimes  there  is  interference  by  other  additives  which  have  absorp¬ 
tion  peaks  in  the  same  region  as  ZDDP,  around  900-1100  cm*1 3.  A  liquid  chromatography 
separation  of  ZDDP  from  base  oil  followed  by  IR  analysis  was  found  to  be  a  good  method  to 
estimate  the  amount  of  aryl-ZDDP  but  not  alkyl-ZDDP  in  finished  oil.4 

The  100%  natural  abundance  of  phosphorus-31  has  nuclear  spin  las  Ik  which  allows  it  to  be 
observed  in  nuclear  magnetic  resonance  (NMR)  with  high  overall  sensitivity  and  with  narrow 
line  width  as  proton-NMR.  "P-NMR  has  been  widely  applied  in  the  phosphorus  chemistry 
field  for  structure  determination,  qualitative,  and  quantitative  analysis. 


1  R.  C.  Coy  and  R.  B.  Joan.  ASU  Truu..  24.  I.  p.  77  (1979). 

2  M.  KoloMekki,  CCL  Report  No.  320.  AD-757  605.  US  Ann?  MERADCOM,  Fl  Betvnb.  VA  (1973). 

3  G.  Jritkim  and  C.  M.  Htnaptvryft.  J.  Iiul.  PttrvL.  SI.  p.  1  (1965). 

4  G.  E.  radar  and  F.  M.  Nowmoh.  ASU  Trmu..  22.  4.  p.  389  (1979). 
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The  “P-NMR  chemical  »hifte  (d)  of  ZDDP  are  different  from  most  of  the  other  phosphates 
(triphenyl  phosphate,  inorganic  phosphate,  etc.),  as  large  as  100  ppm  compared  to  the  resolu¬ 
tion  of  0.04  ppm  in  this  study.  Thus,  ZDDPs  are  readily  identified  from  other  types  of 
phosphates  and  phosphite  oil  additives. 

This  report  describes  a  new  spectroscopic  method  to  observe  the  ZDDP  additives  in  finished 
oil  directly  without  pre-separation.  The  Differential  IR  spectra  of  additives  and  finished  oil 
were  also  included. 


II.  RESULTS  AND  DISCUSSIONS 

1.  “P-NMR  and  'H-NMR  Studies.  The  phosphorus  Numclear  Magnetic  Resonance 
(*‘P-NMR)  and  proton-NMR  spectra  are  shown  in  Figures  1  through  II.  The  chemical  shift  (j) 
of  primary  zinc  dialkyldithiophosphate  (ZDDP,  IP),  secondary  ZDDP  (IS  and  2S),  and  zinc 
diaryldithiophosphate  ZDDP  (1A)  are  as  follows: 

Chemical  Shift  (6,ppm)  from  Triphenyl  Phosphate  (TPP),  Deuterated  Cloroform 


(CDCl.j)  Solution: 

6(ZDDP) 

^(Detectable  Impurity) 

IP 

116.64 

120.80 

IS 

110.70,  110.99 

116.36,  116.76 

2S 

110.75 

116.32 

1A 

112.77 

NA 

The  “P-NMR  spectrum  of  IP  (Figure  1)  showed  at  least  three  phosphorus  species,  the 
peaks  at  120.80  ppm  could  be  the  by-product  of  ZDDP1.  The  'H-NMR  (Figure  2)  showed  that 
there  were  two  major  primary  alkyl  ZDDPs  which  were  isobutyl  and  isopentyl  (or  n-pentyl) 
ZDDP  and  had  a-protons’  peaks  at  3.94  ppm  (JHH>=8.3  Hz  and  JH_H  =  7.3  Hz)  and  4.17  ppm 
(Jf|p=8.0  Hz  and  JH  H  =  6.7  Hz),  respectively.  From  the  a-proton,  the  ratio  of  isobutyl  to 
isopentyl  was  3:1.  Mere  than  a  simple  pentuplet  was  found  in  gated  decoupling  *' P-NMR  spec¬ 
trum  (Figure  3)  which  supported  that  more  than  one  ZDDP  gave  peaks  at  116.64  ppm. 

The  *'P-NMR  spectrum  of  IS  (Figure  4)  showed  two  major  peaks  at  1 10  ppm  which  ac¬ 
count  for  secondary  ZDDP.  The  peak  at  116.76  ppm  could  also  he  a  similar  by-product  as  is 
the  peak  at  120.80  ppm  of  IP.  The  peak  at  116.36  could  be  primary  ZDDP  isomer.  The  par¬ 
tial  peak  overlap  of  primary  alkyl-ZDDP  and  the  side  product  of  secondary  alkyl-ZDDP  (IS) 
could  be  further  separated  by  using  the  paramagnetic  lanthanide  NMR  shift  reagents  which 
can  shift  these  peaks  in  different  degrees  selectively.  The  'H-NMR  spectrum  (Figure  5)  showed 
peaks  at  3.93  and  4.16  ppm  which  is  the  expected  chemical  shift  for  cr-proton  of  primary  alkyl 
ZDDP.  The  deduction  of  'H-NMR  spectrum  showed  that  the  two  major  ZDDPs  were  isopropyl 
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Figure  i,  31P-MMB  ipactnim  of  primary  alkyt-ZDOP  (IP). 


Figure  6.  PMR  spectrum  of  secondary  dkyl-ZDDP  I1S\ 
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and  1,3  dimethylbutyl  ZDDPs  and  had  cr-protons’  peaks  at  4.88  and  4.78  ppm  respectively. 
The  “P-NMR  of  2S  showed  a  single  peak  at  110.75  ppm  and  the  ‘H-NMR  spectrum  of  2S 
(Figure  6)  showed  only  one  major  cr-proton  of  ZDDP  and  probably  was  1,3  dimethylbutyl 
ZDDP.  The  *'P-NMR  spectrum  of  1A  (Figure  7)  showed  only  one  peak  at  112.77  ppm.  The 

1  H-NMR  spectrum  did  not  give  further  information. 

The  chemical  shift  in  the  table  clearly  shows  that  the  difference  of  chemical  shifts  of 
primary  alkyl,  secondary  alkyl,  and  aryl  ZDDP  are  large  enough  to  be  used  for  identification. 
The  substitution  effects  are  well  established  for  other  nuclei  such  as  carbon-13.*  This  effect  is 
diminished  with  four  bonds  or  more  distance.  In  other  words,  the  chain  length  is  not  the  major 
factor  on  chemical  shift.  It  is  the  substitution  on  a -carbon  which  will  affect  the  chemical  shift. 
.411  lfc»  ZDDP  (IP,  IS  or  2S,  1A)  are  well  separated  and  easy  to  identify,  as  shown  in  Figure  8. 
The  chemical  shift  of  IP  shifted  0. 6-0.8  ppm  upfield  (lower  chemical  shift  from  reference 
TPP)  compared  to  the  one  shown  in  the  table,  while  peaks  of  IS  and  1A  remained  unshifted. 
This  might  be  caused  by  the  greater  solvent  shift  of  IP  in  CDC13  solvent  or  carrier  oil. 

Two  Military  Specification  MIL-L-46152  qualified  oils  were  examined  by  **P-NMR. 
Oil  A  was  reported  to  contain  0.07%  sine  of  IP  and  0.07%  zinc  of  IS.  The  spectrum  of  Oil  A 
(Figure  9)  gave  two  peaks  at  115.1  and  110.0  ppm  with  equal  amounts  (area).  But  only  one 
peak  showed  at  110  ppm  instead  of  two  peaks  as  the  spectrum  of  IS  (Figure  4).  To  examine 
this  result,  IS  was  added  to  Oil  B  which  was  reported  to  contain  0.05%  zinc  of  IS  and  0.1% 
zinc  of  IP  (Figure  10)  providing  a  final  make-up  giving  — 0.1%  zinc  of  IS. 

The  resulting  spectrum  (Figure  11)  still  showed  only  one  peak  at  109.74  ppm  as  in 
Figure  9  and  Figure  10.  Assessment  of  this  spectrum  indicated  that  some  type  of  chemical  in¬ 
teraction  has  occurred  between  ZDDP  and  other  additives. 

The  peak  area  of  aiP-NMR  spectrum  can  be  used  for  quantitative  analysis  since  the 
peak  area  is  in  direct  proportion  to  the  number  of  phosphorus  molecules.  But  the  area  will  be 
affected  by  spin-lattice  relaxation  time  (T,)  of  observing  nuclei  when  using  relatively  short 
repetition  time.  To  test  this  T,  effect,  a  4-s  repetition  time,  which  was  double  that  of  the  typical 

2  s  used,  was  employed  for  each  ZDDP  and  revealed  that  no  noticeable  change  occurred  in 
peak  area.  This  is  the  indication  of  these  ZDDPs  having  short  T,  relaxation  time  in  the  order 
of  seconds.  A  paramagnetic  relaxation  reagent  also  can  be  added  to  reduce  the  relaxation  time 
(T,)  of  the  *'P  nuclei  and  to  minimize  the  T,  effect. 


U.  Lrvy  and  G.  \rl«nn.  “(jrfmn-13  N'orl^ar  Maptnir  Rwonancf  for  Orycank*  (.‘hrmiata,"  filry-lirtfWWHr.  V«  York  (1972k 
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A  mure  systematic  examination  is  needed  to  establish  the  optimum  experimental  condi¬ 
tions.  Nuclear  Overhauser  effect  (NOB)  also  affects  the  peak  area  when  proton  decoupling  is 
employed.  As  shown  in  Figure  8,  the  peak  height  and  area  of  aryl  ZDDP  (1A)  are  much 
smaller  than  that  of  alkyl  ZODP  (IP  and  IS)  after  the  concentration  adjustment.  This  is  ex¬ 
pected  as  the  NOE,  which  is  dominated  hy  dipole-dipole  interaction,  is  greater  in  alkyl  ZDDP 
having  protons  in  three-hond  distance  than  in  aryl  ZDDP  which  has  protons  in  four-bond 
distance. 

The  precision  depends  on  the  concentration  of  the  sample  and  the  number  of 
pulses  (scans)  for  taking  the  spectrum.  For  example,  the  better  the  signal/noise  ratio,  the  better 
the  precision.  The  oil-to-solvent  (CDC13)  ratio  is  better,  not  greater  than  two.  A  higher  concen¬ 
trated  solution  decreased  the  resolution  of  spectrum.  A  minimum  concentration  of  CDC13  was 
also  required  to  maintain  the  lock  signal. 

2.  Infrared  (IR)  Study.  The  differential  IR  spectra  of  IP,  IS,  2S,  and  1A  are  shown  in 
Figure  12.  The  percentage  transmission  of  the  spectra  was  cut  by  half  and  recorded.  The  peak 
frequencies  of  alkyl-ZDDP  (IP,  IS,  and  2S)  are  quite  different  from  aryl-ZDDP  (1A). 

The  Oil  A,  which  contains  equal  amounts  of  IP  and  IS,  clearly  shows  peaks  of  IP  and 
IS  at  1000  and  980  cm'1,  respectively  (Figure  13).  Oil  B,  which  contains  0.10%  zinc  of  IP  and 
0.05%  zinc  of  IS,  shows  only  one  peak  at  1005  cm'1  with  a  shoulder  around  980  cm*'  (Figure 
14).  The  result  shows  that  a  small  amount  of  IS  compared  to  IP  in  the  oil  is  not  easily  detected 
and  will  make  quantitative  analysis  more  difficult. 

The  additive  IS  was  added  to  Oil  B  to  make  up  the  concentration  of  IS  close  to  the  con¬ 
centration  of  IP  by  the  comparison  of  the  IR  spectrum  (Figure  15)  with  the  spectrum  of  Oil  A 
(Figure  13).  The  new  oil  from  Oil  B  was  used  for  **P-NMR  investigation. 

III.  EXPERIMENTAL 

3.  Materials. 

a.  All  the  zinc  dialkyl(diaryl)dithiophosphate  (ZDDP)  samples  containing  a  carrier  oil 
were  obtained  from  an  additive  company: 

IP  —  primary  alkyl  ZDDP  (mixing  alkyl,  80%). 

IS  —  secondary  alkyl  ZDDP  (mixing  alkyl,  80%). 

2S  —  secondary  alkyl  ZDDP  (one  alkyl). 

1A  —  aryl  ZDDP  (60%). 
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IP  vs  BASE  OIL 


IS  vs  BASE  OIL 


2S  vs  BASE  OIL 


1A  vs  BASE  OIL 


1100  1000  900  cmi 

Figure  13,  Differential  IR  spectrum  of  Oil  A  vs  base  oil. 


b.  The  finished  oils  (MIL-L-46152)  were  taken  from  retained  oil  samples  which  were 
sent  to  this  laboratory  for  qualification. 

Oil  A  —  contained  0.07%  zinc  each  of  IP  and  IS. 

Oil  B  —  contained  0.10%  sine  and  0.05%  sine  of  IP  and  IS,  respectively. 

4.  Nuclear  Magnetic  Resonance  (NMR)  Measurements.  “P-NMR  spectra  were  ob- 
tained  on  a  Broker  WH-90  Fl'NMR  spectrometer  operating  at  36.44  MHs.  Broad-band  proton 
decoupling  or  gated  proton  decoupling  were  applied.  Deute rated  chloroform  was  used  to  pro¬ 
vide  an  internal  lock  signal  and  triphenyl  phosphate  (TPP)  was  used  as  an  internal  reference. 
The  typical  parameters  for  taking  the  spectra  were  Sfia  (40°)  pulses,  2  s  repetition  time,  6000 
Hz  sweep  width,  and  8k  data  points.  A  0.1  to  0.4  ml  of  additives  was  added  to  2  ml  of  CDC1, 
in  10-mm  NMR  tubes.  The  'H-NMR  spectra  were  obtained  either  on  Broker  WH-90  FTNMR 
spectrometer  operating  at  90.02  MHz  or  on  Broker  WH-300  superconducting  FTNMR  spec¬ 
trometer  operating  at  300  MHz.  A  1  to  3%  ZDDP  in  CDC1?  in  5-mm  NMR  tubes  was  used  for 
‘H-NMR  spectrum. 

5.  Infrared  (IR)  Measurements.  Infrared  spectra  were  obtained  ou  a  Perkin- 
Elmer  580B  IR  spectrophotometer  equipped  with  PE-3500  data  station.  A  0.102-mm  KBr  cell 
was  used.  A  virgin  base  stock  oil  was  used  as  the  reference  for  differential  IR.  The  sample  of 
IP,  IS,  2S,  and  1A  was  diluted  with  the  same  base  stock  oil  100  times.  All  spectra  reported 
were  differential  IR  spectra  against  base  stock  oil  by  PE-3500  data  station. 

IV.  CONCLUSIONS 

Different  types  of  zinc  dialkyl(diaryl)dithiophosphate  (ZDDP)  in  the  fully  formulated 
oil  can  be  identified  directly  by  *‘P-NMR.  The  exact  structure  of  alkyl  substitution  can  also  be 
possibly  deducted  by  ‘H-NMR  after  the  separation.  The  quantitative  analysis  of  ZDDP  is 
possible  by  using  “P-NMR. 
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ATTN:  DRSTA-RG  (Mr.  W.  Wheelock) 
ATTN:  DRSTA-G 
ATTN:  DRSTA-M 

ATTN:  DRSTA-GBP  (Mr.  McCartney) 
Warren,  MI  48090 

3  HQ,  US  Army  Aviation  Research  A 

Development  Command 
ATTN:  DRDAV-D  (Mr.  Crawford) 
ATTN:  DRDAV-N  (Mr.  Borgman) 
ATTN:  DRDAV-E 
4300  Goodfellow  Blvd 
St.  Louis,  MO  63120 

1  Director 

Applied  Technology  Laboratory 
US  Army  Research  A  Technology 
Laboratories  (AVRADCOM) 

ATTN:  DAVDL-ATL-ATP 
(Mr.  Morrow) 

Fort  Eustis,  VA  23604 


4  HQ,  Dept  of  Army 

ATTN:  DALO-TSE  (Col  St.  Amaud) 
ATTN:  DALO-AV 
ATTN:  DALO-SMZ-E 
ATTN:  DAMA-CSS-P  (Dr.  Bryant) 
Washington,  DC  20310 


1  Director 

Propulsion  Laboratory 
US  Army  Research  A  Technology 
Laboratories  (AVRADCOM) 
ATTN:  DAVDL-PL-D  (Mr.  Acurio) 
21000  Brookpark  Road 
Cleveland,  OH  44135 
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2  Commander 

US  Army  Research  Office 

ATTN.  DRXRO-ZC 

ATTN:  DRXRO-EG  (Dr.  Singleton) 

PO  Box  12211 

Research  Triangle,  Park,  NC  27709 

1  Director 

US  Army  Materials  &  Mechanics 
Research  Center 
ATTN:  DRXMR-T 
Watertown,  MA  02172 

1  Commander 

US  Army  Foreign  Science  & 
Technology  Center 
ATTN:  DRXST-MT1 
Federal  Building 
Charlottesville,  VA  22901 

1  Commander 

DARCOM  Materiel  Readiness  Support 
Activity  (MRSA) 

ATTN:  DRXMD-MD 
Lexington,  KY  40511 

1  Commander 

US  Army  LEA 
ATTN:  DALO-LEP 
New  Cumberland  Army  Depot 
New  Cumberland,  PA  1 7070 

1  HQ,  US  Army  Troop  Support  & 

Aviation  Material  Readiness  Command 
ATTN:  DRSTS-MEG  (2) 

4300  Goodfellow  Blvd 
St.  Louis,  MO  63120 

3  Commander 

US  Army  General  Material  & 

Petroleum  Activity 
ATTN:  STSGP-F  (Mr.  Spriggs) 

ATTN:  STSGP-PE  (Mr.  McKnight), 
Building  85-3 

ATTN:  STSGP (Col  Clifton) 

New  Cumberland  Army  Depot 
New  Cumberland,  PA  1 7070 


1  Commander 

US  Army  General  Material  &  Petroleum 
Activity 

ATTN:  STSGP-PW  (Mr.  Price) 

Building  247,  Defense  Depot  Tracy 
Tracy,  CA  95376 

1  Commander 

US  Army  Research  &  Std/.n  Group 
(Europe) 

ATTN:  DRXSN-UK-RA 
Box  65 

FPO  New  York  09510 

1  Commander 

US  Army  Yuma  Proving  Ground 
ATTN:  STEYP-MT  (Dr.  Doebbler) 
Yuma,  AZ  85364 

1  Commander 

Theater  Army  Materiel  Mgmt  Center 
(200th) 

Directorate  for  Petrol  Mgmt 
ATTN.  AEAGD-MM-PT-Q 
Zweibrucken 
APO  NY  09052 

1  HQ,  Dept  of  Army 

ATTN:  DAEN-RDM 
Washington,  DC  20310 

1  HQ 

US  Army  Training  &  Doctrine  Command 
ATTN:  ATCD-S  (LTC  Lesko) 

Fort  Monroe,  VA  23651 

3  Commander 

US  Army  Quartermaster  School 
ATTN:  ATSM-CD  (Col  Volpe) 

ATTN.  ATSM-CDM 
ATTN:  ATSM-TNG-PT 
Fort  Lee,  VA  23801 

1  Commander 

US  Army  Logistics  Center 
ATTN:  ATCL-MS (Mr.  Marshall) 

Fort  Lee,  VA  23801 
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Commander,  DRDME-Z 
Technical  Director,  DRDME-ZT 
Assoc  Tech  Dir/R&D,  DRDME-ZN 
Assoc  Tech  Dir/Engrg  &  Acq, 
DRDME-ZE 

Spec  Asst/Matl  Asmt,  DRDME-ZG 
Spec  Asst/Scs  &  Tech,  DRDME-ZK 
CIRCULATE 

Chief,  Ctrmine  Lab,  DRDME-N 
Chief,  Engy  &  Wtr  Res  Lab, 
DRDME-G 

Chief,  Elec  Pwr  Lab,  DRDME-E 
Chief,  Mar  &  Pr  Lab,  DRDME-M 
Chief,  Mech  &  Constr  Eqpt  Lab, 
DRDME-H 

Chief,  Ctr  Surv  &  Ctr  Intros  Lab, 
DRDME-X 

Chief,  Matl  Tech  Lab,  DRDME-V 
Director,  Product  A&T  Directorate, 
DRDME-T 
CIRCULATE 

F&LDiv,  DRDME-G  L 
Tech  Reports  Ofc,  DRDME-WP 
Security  Ofc  (for  liaison  offic-rs), 
DRDME-S 

Tech  Library,  DRDME-WC 
Programs  &  Anal  Dir,  DRDME-U 
Pub  Affairs  Ofc,  DRDME-I 
Ofc  of  Chief  Counsel,  DRDME-L 

Department  of  the  Navy 

Commander 

Naval  Air  Propulsion  Center 
ATTN.  PE-72  (Mr.  D’Orazio) 

PO  Box  7176 
Trenton,  NJ  06828 

Chief  Of  Naval  Research 
ATTN:  Code  473 
Arlington,  V A  22217 


Commander 

Naval  Sea  Systems  Command 
Code  05D4  (Mr.  Layne) 

Washington,  DC  20362 

Commander 

David  Taylor  Naval  Ship  Research  & 
Development  Center 
Code:  2830  (Mr.  Bosmajian) 

Code:  2832 
Annapolis,  MD  2 1 402 

Commanding  General 
US  Marine  Corps  Development  & 
Education  Command 
ATTN:  D075  (LTC  Woodhead) 
Quantico,  VA  22134 

Department  of  the  Air  Force 

HQ,  Air  Force  Systems  Command 
ATTN:  AFSC/DLF  (LTC  Radloff) 
Andrews  Air  Force  Base,  MD  20344 

Commander 

US  Air  Force  Wright  Aeronautical 
Laboratory 

ATTN:  AFWAL/POSF  (Mr.  Churchill) 
ATTN:  AFWAL/POSL  (Mr.  Jones) 
ATTN:  AFWAL/MLSE  (Mr.  Morris) 
Wright-Patterson  Air  Force  Base,  OH 
45433 

Commander 

San  Antonio  Air  Logistics  Center 
ATTN.  SAALC/SFT  (Mr.  Makris) 
Kelly  Air  Force  Base,  TX  78241 

Commander 

Warner  Robins  Air  Logistic  Center 
ATTN:  WR-ALC/MMIRAB-1 
(Mr.  Graham) 

Robins  Air  Force  Base,  GA  31098 
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Joint  Oil  Analysis  Program  - 
Technical  Support  Center 
Building  780 
Naval  Air  Station 
Pensacola,  FL  32508 

Commander 

Naval  Materiel  Command 
ATTN:  MAT-08E  (Mr.  Ziem) 
CP6,  Room  606 
Washington,  DC  20360 

Commander 

Naval  Research  Laboratory 
ATTN:  Code  6170  (Mr.  Ravner) 
ATTN:  Code  6 180 
Washington,  DC  20375 


Department  of  Energy 
CE-1312,  ATTN:  Mr.  Ecklund 
1000  Independence  Ave.,  SW 
Washington,  DC  20585 

Environmental  Protection  Agency 
Office  of  Mobile  Sources 
Mail  Code  ANR-455,  Mr.  Kittredge 
401  M  Street,  SW 
Washington,  DC  20460 

Department  of  Energy 
Bartlesville  Energy  Research  Center 
PO  Box  1398 
Bartlesville,  OK  74003 
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Commander 

Naval  Air  Systems  Command 
ATTN:  Code  5304C1  (Mr.  Weinberg) 
ATTN:  Code  53645  (Mr.  Meams) 
Washington,  DC  20361 


Commander 

Naval  Air  Development  Center 
ATTN.  Code  60612  (Mr.  Stalling?) 
Warminister.PA  18974 


Others 

National  Aeronautics  and  Space 
Administration 
Lewis  Research  Center 
Mail  Stop  5420 
ATTN:  Mr.  Grobman 
Cleveland,  OH  44135 

National  Aeronautics  and  Space 
Administration 

Vehicle  Systems  and  Alternate  Fuels 
Project  Office 
ATTN:  Mr.  Clark 
Lewis  Research  Center 
Cleveland, OH  44135 
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